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(71) Wc> UNTIED AIRCRAFT CX)R- 
FORATIONy 8 corporation ttganized and 
existing under the laws of ine State of 
Delaware, United States of America, of 400 

5 Main Street, East Hutfoid, Oamccticat, 
United States of America) do facreby declare 
the invention for which we pia v that a patent 
may be granted to us, and the method by 
which it is to be performed to be particularly 

10 described in and by the folbwtog state- 
ment: — 

The present invention relates to laser 
systems and more particularly to the produc- 
tion of an annular beam %i decamna^edc 

IS xadiadon haviflg a high iixadiaDoe ia tbe &r 
fidd dteibotusiL 

The continued ^vdopment of various laser 
devices has ihiaisified the efto to iidli2e die 
gain medium in a laser lesonator more 

20 efficiently. Typical stable lesonatm designed 
to ooerate at optical or near optical wave- 
lengms tend to resonate coUimam beaoB of 
relatively small diameter and, conseqnendyi 
the population inversion avaikbie in tne gda 

25 medium is onfy partiallv depleosd Resonators 
having a large mismatch between die dimen- 
sims of tiK gam medhxm and the operating 
mode are inemdent and provide le^ output 
power than is tiieoitticauy available. These 

30 considerations often lead to devices in whidi 
die laser beam malces multiple passes dirough 
the gain medium along a folded, optical path. 
Multiple pass devices utilize die gahi 
medium more effidendy, however, they tend 

35 to become physically conmlicated since an 
hite^ted collection of suitably aligned le- 
flectmg surfaces and associated structures are 
required to provide the multiple passes. An 
alternative approach is to provide a resonant 

40 cavity which is optically unstable so dm die 
volume swept the laser beam passing 
dirough the resonates can be made almost 
arbttrarily large to more closely approximate 
the actual dimensions of the aviukble gam 

45 medium. Unstable systems avoid the small 
diameter modes which axe characteristic of 
the stable resonator ftmily, however, Obey pro- 



vide an output laser beam whidi tends to be in 
the form of a tUn annulus having a low 
magnification in the near field. The term SO 
m^nification as used herein is the ratio of the 
ou^e to mside diacneter of an aimulus. The 
energy in a laser beam whidi is an annulus 
in the near field cannot be sufficiend^ focused 
hi die far field for many applications. 55 

A primary objea of the present mvention 
is to provide an annuhu: beam of laser energy 
with a laser system in whidi die far field 
distribution of tile beam may be optimized 
independent <^ the laser resonator operating 6(' 
diaracteristtcs. Also>» diis xnvenaon is intended 
to provide a User beam having an annular dis^ 
trihation of higjh irradbnoe in the Ear field 
with a system indudine an unstable resonator. 
Further, the present loventkxi provides im- 55 
proved f ocuaMicy of an annular beam <^ laser 
radiation. 

The present invention is predicated on the 
recogniooa diat ^ relative intensity in an 
amuuar beam of ccdierent radiation which 70 
occurs in a given solid angle in die far fidd 
depends on bodi the outer diameter and the 
magoificaticHi of the annulus. In tiie specific 
Immiog case <tf an annulus with an inner 
diameter of zero, a magnification d infinity, 75 
the annular beam is in fact a unifondy 
illuminated, disk with a circular cross section. 
The beam can be focused on tlie far field to 
a centie spot having a set of concentric rings 
and die bulk cS. & energy is contained in go 
the spot. When the cross section of tlie beam 
is an annulus, its magnification is decmsed 
and a larger portion of the energy in die 
annular b^m mpears hi the rings concentric 
about die far odd spot widi die proponton g5 
(tf energy in the rings increased as die 
magnification of the annulus is decreased. 

According to the hivention there is pto- 
vided a system for tiie production of an out- 
put beam of laser radiation which is highly 90 
locusable in the far fidd comprising: optioi 
means fuming an unstable resonator having 
an optical axis along which a odlimated beam 
of laser radiatioQ S produced by tlie sdbou- 
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Iflted emissiQa of radiation in a gain yyMvl n i m 
disposed in die zcsonator; a minor sym- 
metrically disposed about dze optical azis to 
leflect the outer portion of the collimated 
beam out of the resonator symmetdcdly 
about a oeotrai asi3» die near field radiation 
jlisttibudon across the beam reflected out {i 
die resonator having a centre void and a iiia:£i- 
mum and mhifmnm dimension yfbh respect to 
die central axis of Rl and Rg, respectively; 
and a reSracdve beam couvetging donent 
symmetricalty disposed about the central asis 
for xnoeasing the satio of to Ks ^Me 
maintaining the h^m ooQimated, 

In a single conical surface en^oilimeiit of 
the present Invention^ a oollinated beam is 
peodoced in an unstable resonator having a 
oentidine asis and the periphery (£ the beam 
is fiinnsd into an anmiTar cohunn ^nth an 
annular mirror which is posidoncd con^ 
CR ntricaHy about the asis; the annular beam 
is directed into a lens faa^dng a minOEed back 
suifiioe and die amnilus b reduced in ^itmff*T 
and reflected hadk duongli the centre open- 
tug in die gntiiilaf niitror as an nfimiTnr out- 
put beam having an increased magnificatiQQ. 
In a two-conical surface gmWltn^qt of ^ 
present invendon, reflecting optica are used to 
reduce the diameter of the annular beam and 
increase its magnffffcation. In stQl another em» 
bodiment of the present invemioQ tlie aimidar 
beam^ hxm die resooator is inczeased in 
magmfication with reflecting optics ami die 
annular output beam Imes die system widi- 
out passing back through the annular ooupl- 
ii|g mirror. 

A pthnary advantage <^ the ptcsent inven* 
ticm is the ability to optimize die operating 
condidons of an unstabfe resonator essentially 
independendy ci an optimizatKm of the far 
field energy disoibution of the ouQ>ut beam 
from the resonator. Also, the annu&r coupl- 
ing mirror can be located phyacally dose to 
die magnification optics merd>y nidlitating 
beam {>rocessing before the beam eiqiedences 
diffracdve effects. In 2ddit3xmy the optics used 
to diange the beam magn&adon can be 
supported without introducing any obstnic- 
tbns into the path of beam propagation and 
the allgnmenr sensidvi^ of die entire intensity 
tedistmiution system is conipatible with the 
limitations of practical systems. A further 
advantage of the present invention is the wide 
range over whidi tiie magnification of an 
annular beam can be controlled due to tile 
adjustable feature inherent in the device. In 
the embodiments employing refractive ele- 
ments to change the magnification of the 
annufar beam^ cmly one oontcal surface is 
required since the beam path is folded Inside 
a smgle lens. 

A primary feature of the present invendon 
is the ability to comrol the Intensity dis- 
tributum of an amndar beam of "«^*Bt TM! in 
tiie Car field. In additionj the beam can have 



_ _ vdiidi permits good 

focusabilit^ it die beam. The present inven- 
tion aUows die production of laser ena:gy hav- 
ing a far field distribution which approadies 
an Airy distribution although the funoamental 
concepts disdo^ are equally applicable to 
either circular or two-dimensional geometries. 
Other features indude die production <^ a 
beam of collimated radiation in an infffffbfe 
resonator and. retenticm of the coHimadon 
feature diron^iour the process of ^Mnging 
die magnificat&ui of the anmiiflr beam. The 
annular beam from the resonator is coaxial 
widk the magnfficatiDn optics resulting in an 
output beam diat is coacml widi die annular 
bemn from the resonator. Further, tiie aimular 
coupling mireor directs annular beam to 
the magnificaticm optics so diat the system 
output beam may leave the system throudi 
die center hole in the annular mirror. In me 
case of refractive magnification optics, the 
present Invention is chacacteriaed by an anti- 
rtf ective front surfeoe on the kns and a 
maztmuin reflectivity rear surface on die lens^ 
a singjte apesed suoaoe on the lens dement 
causes a doiible refracticm of the laser radiar 
\3oa m its travd dong the folded path <tf pro- 
pagation. 

The foiegdii^ and odier object^ features 
and advantages the present kventimi will 
become mote apparent in the lieht of die 
following detaited descriptbn ^jireferred 
embodiments thereof as ilhisteated in the 
accompanying drawings, in which: — 

Fig. I is a shnnlmed sdiematic elevation 
dhigram of a ^^cal unstable resonator system 
used to provide a coIHmated nw rn^ ^i^ r beam of 
laser eneigy in accordance with the present in-* 
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Fig, 2 is a siniplified sdiematic Hlflgmn^ of ]05 
the refractive optics used to change die 
magnification of the aimular output beam from 
die resonamr shown in Fig. 1; 

Fig. 3 is a simplified sdi^natic rifagrayq 
of an adjtistable enmodiment of the refractive 1 10 
optics; 

F^. 4 Is a shnpli&d schematic diagram 
of a reflective optical system v^ch reverses 
the directbn of propagation ^^lile rfia ng ^ n g 
the magnification of the resonator n«»«ilar ouo* 1 1 5 
put bcflrn; 

F%. 5 is a sin^Ufied sdiematic diagram 
of the reflective optics which dianges the 
tnagnificatio n of the resonator output beam 
and produces a forwardly prc^gating output 120 
beam; 

Fig. 6a is a simplified graph showing die 
iniensi^ profile in the near field four an aTinnlyr 
beam havli^ a unifonn intensity profile; 

Fiig. 6b IS a shiqilified graph dmwhig die 125 
cotresptmdii^ intensity profile after die 
annulus has tmdetgone m^gnificatkm; 

Fig. 7 is a graph showing die ratb in the 
near field of the radiation hiteosiqr for a 
magnified annuhis widi respea to a uniformly 130 
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distributed axmolus as a functioii of ladius; in Fig* 2 with remect to carbon dioidde 

Fig. 8 is a scbematic diagram of an axmulus miiatmxL The lens also baz a front suxfaoe 36 

in c(nnbinat£on with a lens iUusttatiog the which is conical and has a ninety degree apes 

geometrical paiametexs which relate the near QQgle; the conical sm&oe is coated widi a 

5 field and the far field beam intensities; compotxnd such as thorium fluoride which is 70 

Fig. 9 is a gn^ showiQg the percent of an ontiveflective material used to ehhanoe the 

die total power in die far fidd for an axmukr tnnwmfasion of the carbon diodde ladiatiao. 

beam as a function of the beam half an^ The one point three five tmgnififflTfon iot the 

for various values of magnification; and case of an emnubr beam 38 having a dia- 

10 Fig. 10 is a graph showing the percent of meter of sncty-shc miShneters is emud to the 75 

die total power in die Ear fidd as a function catio to Sq; shoe Rl is aurty-tlu»e 

of the h&m half angle for uniform annuhis ndOimeters, b BK)io2dmatBly twenty-four 

and nwgywfied annuius dtstributions. milUmeters. Simibnyj the system aatput 

A oonvectrvdy cookd, carbon dbzide, beam 40 has a magnHicatfai W eoual to the 

IS electric discharge^ gas laser is shown in Fig. 1; magnitude ttf the R'l to R^s aiul ^ta repre- 80 

the device has a typical unstable resonator and senting a range of output magnification wfll 

its operating diaracterisdca are discussed in be discissed hecdnafter. 
detail in Unstable Resonators F(^ CO. F^. 3 shows an adjustable refractive lens 

Electric Discharge CcHivection Lasecs, G. R. 26a fauBving a rear surface 34e which is not 

20 Wisncr ct al. Applied Physics Letters, Vd. reflective, rather ft is coated with antireflcctive 85 

22, No. 1, January 1S>73, page 14. The laser material. The lens cooperates widi a fully 

10 has an unstable resonator formed between reflecting nnrror 38 which is adjustabty 

a concave mirror 12 and a ccmves mirror 14. mounted to tiie resonator tube 28. With a 

The gas envelope consto primarily of a pair var^ble i^paration distance S as shown in 

25 of pyres (Regtered Trade Mark) tubes 16 Fig. 3, die magnification (£ the system out- 90 

each of which has a gas inkt 18 and a put b^m 40 can be pdj««»<^ even though die 

common flow plenum 20 is a gas oudet 22, resonator output 38 is (tf fisted dift- 

Also shown in Fig. 1 is an ffiwiular lyamjir^g meter. 

mirror 24 and a fixed lens 26 wiiich h Figs. 4 and 5 are schematic represemations 

30 strucmially supported by a sleeve ezrension of reflecting optics wliich can perform 95 

28 of the main resonator structure. The essentially t&e same function as tne lens 

auxiliary equipment such as supfdy gas, pumps systems shown m Figs. 2 and 3. The appara- 

and electrical sources are not shown« however, tus of Fig. 4 utilizes two ptedsely matched 

the gas enters throng eadi of the inlets and onical reflecting surfaces 42, 44 which are 

35 leaves dirou^ die oudet 22; the mlets also act conoentiicany^ned on a mirror axis 46; the 100 

as cadiodeaTor the ekctric discharge and the cones increase the magnification of an annular 

ot^let is a common anode for each of the beam. During die process, the outer diameter 

camodea. of die beam is reduced and the beam of 

The resonator shown in Fig. 1 provides an increased magnification is propagated in a 

40 annular beam 6t fifteen hundred watts of direction 48 opposite to die incommg beam 105 

power ^len operated widi die f(^wit^ para- 40 aloi« a padi vMch is also omoemric about 

meters. The resonator mirror separadon is die i£zd> axis, SimQailT, the anabgoua 

approximatdy duee meters and each of die apparatus shown hi Fig. 5 ffrniprifm? a 

two excitation electric disdiarges is sqpproxi- matched pair of conical reflecting surfaces 

45 matdy dgjity cen^meters in lengdi; die ^Mdk bomases die magnificatini of an NO 

pyrcx ^^gistered Trade JVIark) tubes are annukr beam and tcduces its diameter. This 

Mventy-firc millimeters in diameter. The dtemate structure propagate the system out- 

Fresnd Number of die cavity is dih^-five put beam 40 m die same direcdon as & die 

and die equivalent Fresnd Number for die umular beam 38, however, a siqiporting strut 

50 data presented herebafter is three and one 48 is bttoduced inu> the beam padL 115 , 

half vdiich anrresponds to a mode diameter The shig}e mode output of an unstable 

of sxsty-sis milluneters; the resonator output resonator is theoreticallv a thin annuius with 
beam annuius magnificadon is one and thirty an almost uniform pnase intensity. Many 
five one hundred^. The working T"*^^Tim is ^splicatkms inv(dving the use of such unstable 

55 flowed through the resonator at aroroxizxately resonatm require that die aimular oumut 120 
twdye hundred liten per secom. beam be focused in the far field to as smw a 

Fig. 2 is a more detailed devdopment of ^t as possible. Various theoretical constdera^ 
the slngile conical surface refractive dement 26 tions have shown that the power contained 
shown in Fig. 1. The main body of the withhi a solid angle in the far fidd is a 

60 dement is in the form of a cylinder having funcdon of both die outside diameter and 125 
a central axis 32 and a radius K of seven and die magtufication of the anmilar beam. For 
one half centimeters. The germanium dement ermmplp, a completdy fiUed-in annuius \diich 
has a flat back surface 34 whidi is perpen^. is a uniformly illuminated disk having a 
dlcukr to die central axis and this surfaoe'-is^ magnification factor of infinity results in the 

65 gold coated to be fuSy reflective as is shown dassical Airy distribution in the far field. 130 
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However, as the niasnificatioD decreases for 
. an annular ting of fixed outside d£ameter> tbe 
powe? distribution in die fiir field ffsdnaOj 
shifts from the center disk to the zings ceo- 
5 centxjcally sunousdii^ the disk. 

The annular ouqmt ton typical unstable 
rescmatozs such as the one slumn in 1 
jmsduoes an annular beam having a magnffica* 
lion in the range of one point two to two 
[0 and when soch beazns are focnsedj die power 
in die center disk of tiie Eu fidd distxibntion 
is between appioxiiuately fourteen and 
f ort7«j^t percent of die totd power in the 
annular beaxn. In acmrdance ^ddi die present 
IS invendon, an unstable resonator in combina* 
tioQ with suitable magnification optics such 
as tliose shown in the diawing pennits a re- 
ducdon in bodi the large and small diameters 
of die annulus maintaining the 

20 magnicade of die difference between these 
dianieties constant. Tlie result is an inoea^ 
in the magnificadon of die annular beam and 
an inctease in the Ecaction of the power con- 
tained in the center disk in die fiur field dis* 
25 tzibution to approximatdy dg^ty-^our per- 
cent. These effects are brou^t about widi a 
concomitant change in the near field intensity 
distribution after an inaease in 

magni&ation is a TrtflYrmiTm at die gnwH dla- 
30 meter d[ the annulus and decreases widi in^ 
cteasing diameter. A laser beam iiaving any 
one of many annular intensity profiles can \k 
produced widi an unstable r6sonator> how- 
ever, duougjh careful design, the profile can 
35 be made to approadi a unffonn intensity sudi 
as die one shown m Fig. 6a. To facilitate the 
discosdon herdi^ the profile hitensity from 
die rescmator diown in Fig. 1 is piesiimed to 
be un&cm. Waen an annulus of unffonn 
40 inieittity undergoes a change in roagnifica- 
tioa ui accordance with the present invendbn, 
die intensity m the near field assumes a profile 
as is shown hi Fig. €b. Although die inner 
and outer diameters of the annulus decrease 
45 as the nugnification is increased, die 
difference between the maximum wd mini- 
mum radii remains unchanged for all values 
of mognxficadon* 
The ratio of the intensity of an annular 
50 beam which has been collapsed in diameter 
with reflect to the httensi^ of the beam 
prior to magnification is shown for a spec£8c 
set of parameters in Fig. 7» An annulus hav- 
ing a large tadius^ Rt» of thirty-diree milU- 
55 meters ard a magnification €i one point diree 
five was selected as a matter of convenience in 
die light of die resonator i^eviously des- 
cribed. The relative beam intensity, ratio of 
output beam intensity to Input beam intensity, 
60 is plotted as a fonction of the radius of die 
output beam, for various values of output 
beaon magnification. The input and output 
t^mmology is descriptive of die annular besm 
with respect to opticai means used to ch;^ge 
65 its magnificadcm. The dotted curves in F%. 



7 rqiiesent a magnifier vdiich ooDs^ises a 
beam and reverses its padi ei> that die 
coQm^ beam travels bacs along the asds d 
die incoming beam; die solid curves in Fig. 
7 i^iresent a magnffier ^ch cdlapses the 7Q 
incoming beam and directs it awayin tiie saxne 
dirgctfffn as die incoming besim. The physical 
iT^gg pfng of any point on die carves mown is 
die near field relative intenaides of a beam 
before and after a change in magnification at 75 
ai^ radius over which the annulus estends. 

8 shows die geometrical cons id g a tfeia 
which idaie die near and fa field beam hy 
tensities for an annulus. In die ^)ecial case 
of a near fi^uitensity distribution which is a 80 
ifiitf ormly fflm«^ti?^ disS^ a beam t£ infinfce 
mg^^<^"»TT^j die £Br field distrSmtiiQO iis an 
Ahy discribodoQy and the near field and Car 
field parameters are rdated by die equation 
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djj is the spot diameter in die &r fidd, 

F is the f <^ leogdi of the lois, 

A is the wavelengdi of die radiatiim, and 

Db is die diameter of die anmdar beam. 90 

A convenient parameter for describing the 
angular eztent ci die central spot of die beam 
hi die fax field is the beam half anple, ^, 
vdiich will be proportional to the quotient <rf 
lambda over the team dnimeter. The equation 95 
is quite geneand and the constam of propor- 
ti(uality between die half apgle and me 

X 
D 

parameter varies as a function of tlie near 
sdd distribution. For the particular oise an 100 
Airy distributxoa» the constant of proper- 
tionallrf is one point twenty-two. 

F^. 9 is a plot of the percent of total 
beam powa in the £eir field of an annular 
beam as a function the half an^; die para- 105 
meter is die magnificadon of the annular beam 
and die beam half angle is given in multiples 
of 

A 
D* 

The plot is actually the far fidd transform 110 

some of tl» curves ^lown in F3g. 7. 
The graph illustrates the transfer of radktion 
tarn tile outer rings to die center disk in the 
£ar fidd distribution as ^e magnification of 
die beam is hicreased. A tangle physical 115 
result of die beam coUap^ is die concen- 
ttatZon of the energy fcom an annular beam 



into the central spot of the &x field distribu* 
tion, an effea ^dizch is espedaHv oseful in 
apdkadons such as welding and cutting. 

When a unifonn annuios such as is shown 
In Fig. 6a is magnified^ ^ intensity in the 
near field tends to abng the inner radius 
of the annuhis as is shown in Fig. 6b. 
Aldiough a pealsed distribution of this type 
is intuitively expected to cause the center 
distribution in die far field to sptead, the 
actual result Is esacdy ccHitrary and in fact 
the center distribution contains moie power. 

10 co mpaie s the fraction of total power 
b die fax fidd included widiin a given beam 
half angle for a collapsed ann^dar be^ widi 
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"an annular beam of the same 
whose Intenshy distxibution is unifbrn. The 
fiacdon of total power included widiin the 
center disk for each case of tnagnffication is 
higher for the collapsed disttibudon which are 
shown as solid lines dian it k for die idesed 
uniform annulus which are shown as dotted 
Imes. 

The present invention has been discussed 
above in terms of a carbon dioside laser 
system pvoducxxig radiation at about ten 
microns. The teachings disdosed are readily 
applicable to other wavelengdis as Well as 
omer laser systems entirely. Similady, the 
disclosure relates primarily to annular beams 
of radiation and circular optics, however> two> 
dimensional systems are readily accom- 
modated. 

^though this invendon has been shown 
and described with respect to preferred em- 
bodiment diereof, it should be understood by 
those skilled in the art that various changes 
and omissions in the fbrm and detail diereof 
may be made therein widiout departing from 
the scope of the invent^ as deiSned^^ die 
appended churns. 

WHAT WE CLAIM IS:— 

L A mtem for the production of an output 
beam of laM radiation ^ch is hj^ly 
focusable hi die far field comprismg: 

optical means forming an unstable resonator 
hav&ig an optical axis abne which a coBimated 
b^un of laser radiation h produced by the 
stimulated emission of radiation in a gain 
medium disposed hi the resonator; 

a mirror symmetrically di^sed about the 
(^tical Bids to reflect die outer portbn of the 
coUimated beam out of die resonator sym- 
mettically about a central axis, the near fidd 
radiation distribution across die beam re- 
flected out of the resonator having a center 



void and a rf"^'"^'"" and minrnium dimetwinn 
with respect to the central ads of Rl and Ba* 
eespectivdy; and 

a refractive beam ccmveiging element sym- 60 
metrically disposed about me central asb for 
faicreasing die ratio of R], to Ro ^^fbSiA main- 
tatohig me beam ooHimated. 

2. A laser system according to claim 1 
whetehi said mirror is an aimular mirror 65 
symmetrically disposed about die optical aids 

to c^ea the outer porticm o? the collimated 
beam out of the rescmator as an annular beam 
symxDctxic about said central asda. 

3. The faivcndaa aooonUng m Cbka, 2 70 
wittxdn the unstable cesonatoir has a Fiesnd 
Number greater than diirty-^e. 

4. The hivention according to Oakn 3 
whetdn die ratio of Rl/^ is m die range of 

one and two tenths to two. 75 

5. The invendon acoording to Qahn 2 
wherein die le&active beam convergfa^g de- 
ment comprises a cylindrical refractive lens 
having a flat end surrace which k coated with 

a reflecdve materul and one conical end sur- gQ 
face which is coated with an antireflective 
nmtetial* the lens behig oriented widi the 
C(mkal surface nearest to die annular mnxx 
so thft t die annular beam from the resonator 
enters the lens diroug^ the conical end sur« gs 
£ace, is re&acdvdy ^uced in diamster, is 
reflected by die niirrored surface and leaves 
the li^ diroug^ the conical end sm&ce as a 
coUhnated annular output beam. 

6. The hiveniioa according to Qaim 2 90 
wiicrcin die refractive beam convergfajg de- 
ment is a two dement reflector om^nsing a 
central d^«^^ having an estemal conical sur- 
face encirded by a surroundhig dement hav- 
ing an mtCTal conical surface said internal 95 
and external surfaces hswing a cnmnion 
alimment axis and Mentical omie angles. 

tTa system for the reproduction of an out- 
put beam of laser radiadon which is highly 
tocusLble hi the for field substantially as here- 100 
inbdore described widi reference to and aa 
fflustrated hi d» accompanying drawings. 

8. A system for die production dt laser 
radiation having an annular distribution in the 
near fidd and a small spot size in the far 105 
field substantially as htteinbefore described* 
with rderenoe to and as illustrated In the 
aoQnpanyfng drawings. 
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